Abstract. IL-13 is a proinflammatory cytokine associated with multiple pathological conditions and the promotion of metastasis in lung cancer. Previous studies have demonstrated that IL-13 and YY1 are associated with PI3K/AKT signaling. In addition, miR-29a has been found to play a critical role in cell invasion in lung cancer. However, the molecular mechanism of miR-29a underlying its involvement in IL-13-induced lung cancer cell invasion remains largely unknown. In the present study, we aimed to investigate the role of miR-29a in cell invasion mediated by IL-13 in lung cancer. By using MTT and wound-scratch assays, we assessed cell proliferation and migration induced by IL-13, and identified activation of the PI3K/AKT/YY1 pathway. Inhibition of PI3K/AKT by LY294002 downregulated IL-13-induced YY1 expression. Furthermore, we found that miR-29a directly targets YY1 and suppressed its expression in lung cancer. By using MTT, flow cytometry and Transwell assays, overexpression of miR-29a restricted both YY1 and N-cadherin expression, and inhibited IL-13-induced invasion of lung cancer A549 cells. Taken together, these findings demonstrate that PI3K/AKT/YY1 is involved in the regulation of lung cancer cell behavior induced by IL-13, and miR-29a represents a promising therapeutic target.
Introduction
Lung cancer is one of the most common cancers worldwide and is associated with increased morbidity and mortality. Most patients are diagnosed with lung cancer at the advanced and non-curable stage since there are no obvious symptoms in the early stages. Exploring novel genes and epigenetic mechanisms that are involved in lung tumorigenesis and identification of potential targets or therapeutic interventions have become increasingly urgent in cancer research (1) . Interleukin-13 (IL-13) is a proinflammatory cytokine which regulates immune responses and the microenvironment in cancer as well as orchestrating normal and abnormal cell behaviors (2, 3) . The receptor subunits of IL-13, IL-13Rα1 and IL-13Rα2, are found to be overexpressed in many cancer types (4) (5) (6) (7) . Ying Yang 1 (YY1) is a member of the GLI-Krüppel family of transcription factors and is widely distributed in eukaryotic cells (8) . YY1 activates the expression levels of other transcription factors such as c-Myc by directly binding to their promoters and functions as an oncogene (9) . Controversially, YY1 has been shown to inhibit cell proliferation in breast cancer, indicating its differential roles in different tissues. Previous reports have demonstrated that IL-13 and YY1 are associated with the PI3K/AKT signaling pathway (10) (11) (12) (13) . However, how IL-13 and YY1 regulate the PI3K/AKT pathway in lung cancer is currently unclear.
Recently, microRNAs (miRNAs) are found to be involved in every step of tumor progression, including proliferation, apoptosis, angiogenesis and metastasis (14) . miRNAs are endogenous non-coding RNAs with short hairpin structures found in eukaryotes. They can complementarily bind with the 3'UTR region of target mRNAs, thus inhibiting mRNA translation and inducing mRNA degradation. miRNAs can function as oncogenes known as oncomiRs, and oncomiRs are found to be overexpressed in malignant tumors and play critical roles in mediating tumor progression. miRNAs can also function as tumor suppressors in the reciprocal by suppressing oncogene expression in cancer cells, but their expression levels are generally downregulated in tumors (14) . Recently, miRNAs are suggested for their use in new therapeutic approaches, such as exogenous introduction of tumor suppressive miRNAs in the clinic. Recently, the miR-29a/b/c family was shown to have inhibitory roles in lung cancer progression (15) (16) (17) . A previous study revealed that miR-29 promoted stem cell differentiation by targeting YY1 in smooth muscle cells, and showed the potential regulation of YY1 by miR-29a in cancer stem cells (16 in smooth muscle cells (15) . Since YY1 plays an important role in mediating IL-13-induced lung cancer progression, how miR-29a is involved in IL-13-induced lung cancer cell invasion, and how miR-29a executes its role as tumor suppression remain unclear.
In the present study, we aimed to investigate the role of miR-29a in cell invasion mediated by IL-13 in lung cancer. We investigated how miR-29a is involved in the IL-13/PI3K/AKT/YY1 pathway in lung tumorigenesis, and we showed whether miR-29a can act as the potential therapeutic target in lung cancer.
Materials and methods
Cell culture and drug treatment. Human lung adenocarcinoma cell line A549 was purchased from Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China). A549 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), which contained 10% fetal bovine serum (FBS), 100 µg/ml penicillin and 50 µg/ml streptomycin at 37˚C in an incubator with 5% CO 2 . A549 cells were serum-starved for 24 h, and were then treated with IL-13 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at different concentrations or for specified hours to investigate its functions. In addition, pretreatment with 40 µM PI3K/AKT pathway inhibitor LY294002 (Sigma-Aldrich; Merck KGaA) was also implemented in our studies.
Real-time quantitative PCR. The total RNA was extracted using TRIzol reagent (Sigma-Aldrich; Merck KGaA). Spectrometer and agarose electrophoresis were used to measure the RNA concentration and detect whether or not RNA was degraded. The total RNA was reverse-transcribed to cDNA and the oligo(dT) was used as a primer (Reverse Transcription Kit cat. no. AH401-01; Beijing Transgen Biotech Co., Ltd., Beijing, China). The amplification and detection were performed using Applied Biosystems 7500 Real-Time PCR Systems (Thermo Fisher Scientific, Inc.). The thermocycling conditions were set as follows: 95˚C for 10 min followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The primers for GAPDH and YY1 gene were designed by Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, USA) and were synthesized by Takara Bio (Shiga, Japan) ( Table I ). The relative expression quantities of the target genes were evaluated using the 2 -ΔΔCt method and mRNA and miRNA were normalized to the expression quantity of GAPDH and U6 snRNA, respectively.
Western blot analysis. The expression levels of YY1, AKT, pAKT and N-cadherin were examined by western blot assay. Cellular proteins were extracted using RIPA protein lysate (Applygen Technologies Inc., Beijing, China). The protein concentration was detected by the BCA assay (Beyotime Institute of Biotechnology, Shanghai, China). An equal amount of proteins for each group was loaded, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 15%), and then transferred onto polyvinylidene fluoride membranes (Beyotime Institute of Biotechnology), and blocked with 5% skim milk. Membranes were incubated with primary antibodies: YY1 (cat. no. ab10923; Abcam, Cambridge, MA, USA), AKT (cat. no. C67E7; Cell Signaling Technology, Danvers, MA, USA), pAKT Ser473 (cat. no. 9271; Cell Signaling Technology) and N-cadherin (cat. no. D4R1H; Cell Signaling Technology) (diluted by 1:2,000) and β-actin antibody (cat. no. ZB2305; ZEGB-Bio Ltd., Beijing, China), respectively, at 4˚C overnight. Membranes were washed with TBST 3 times (10 min each) and incubated with secondary antibodies (diluted by 1:5,000), HRP-labeled goat anti-mouse IgG (H+L) and HRP-labeled goat anti-rabbit IgG (H+L), (cat. no. ZB2301; ZSGB-BIO) at room temperature for 2 h. After that, the membranes were washed again with TBST another 3 times (10 min each). The Western blot substrate kit (Biovision, Inc., Milpitas, CA, USA) was used to detect protein bands. The band intensities in the western blots were determined by ImageJ software (version 1.51; NIH, Bethesda, MD, USA).
Cell transfection and construction of stable cell line. A549 cells were transfected with the miR-29a plasmid, miR-29a inhibitor and miRNA NC sequences (Table II) that were all purchased from Shanghai GenePharma Technology Ltd., Co. Transfection was carried out using Invitrogen Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) and cells were cultured at 37˚C in an incubator with 5% CO 2 . Transfection efficiency was observed under a fluorescence microscope after 4-8 h and the complete medium was replaced. Then cell culture was continued for 24-48 h. To establish a stable transfected RNAi A549 cell line, the cells were transferred to a 10-cm Petri dish to grow. Blasticidin was added to select transfected cells. Then the medium was replaced every 3-4 days and the appropriate Blasticidin S was added until the formation of a resistant monoclonal colony, which took approximately 14 days. In each group, at least 10 drug-resistant clones were selected for amplification.
M T T assay.
Cell proliferation was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich; Merck KGaA) assays. The cells need to be measured were inoculated into 96-well plates with ~5x10 3 cells/well and each group had 5 replicates. MTT (20 µl, 5 mg/ml) (Sigma-Aldrich; Merck KGaA) was placed into each well and the culture process was sustained for 4 h at 37˚C in an incubator with 5% CO 2 . Subsequently, dimethyl sulfoxide (DMSO; 100 µl) was added into each well and the cells were gently shaken for ~10 min to dissolve the crystals. Samples were detected using a micro plate reader (Thermo Fisher Scientific, Inc.) at a wavelength of 490 nm.
Wound-healing assay. The scratch wound-healing assay was used to assess A549 cell migration. Firstly, three uniform transverse lines were painted at the back of 6-well plates by a marker; and then 5x10 5 cells were seeded into plates and cultured overnight. When the cells achieved adherence, they were starved with medium free of serum for 12 h. Then, the medium was removed, and sterile tips (200 µl) were used to draw a line which was vertical to the back-transverse lines, followed by washing the cells twice with phosphate-buffered saline (PBS). Migration distances of cells were imaged and monitored using an inverted microscope (Carl Zeiss AG, Oberkochen, Germany) with 3 randomly selected fields in the wounded region at 0, 24, 48 and 72 h. The percentage of wound width was calculated as: Wound width at 0, 24, 48 or 72 h divided by the original wound width measured at 0 h.
Transwell invasion assay.
Transwell invasion assay was performed using 24-well Transwell plates with 8-µm pores and a coating of Matrigel (100 µl/well) (BD Biosciences, San Jose, CA, USA) to measure the invasion status of A549 cells. In addition, 2x10 4 cells were placed in the upper Transwell chamber. Then, 600 µl complete DMEM was added in the lower chamber as the chemo-attractant. After cells were incubated for 24 h at 37˚C, non-invasive cells in the top chamber were removed with cotton swabs. Invasive cells at the bottom of the membrane were fixed with methanol and then were stained with crystal violet. The number of invasive cells was counted by hemocytometry to assess the invasion status of the cells.
Flow cytometry. A549 cells were plated into 6-well tissue culture plates at ~2x10 4 /well, each group has three duplicates. After incubation, they were harvested in 1.5 ml EP tubes and washed with PBS. Binding buffer (500 µl) was used to Statistical analysis. Data presented as bar graphs are the means ± SD/SED of at least three independent experiments. The statistical significance of data was analyzed by one-way ANOVA through SPSS 20.0 software (IBM Corp., Armonk, NY, USA). Two-sided P<0.05 was defined as the cut-off value for evaluating statistical significance.
Results

IL-13 promotes the proliferation and migration of A549 cells.
A549 cells were stimulated with different concentrations of IL-13 (0, 10, 20, 40 and 80 ng/ml) for 24-72 h. Compared to the control group (0 ng/ml), proliferation of A549 cells was accelerated after being treated with IL-13, and the concentration of IL-13 at 40 ng/ml showed the most significant induction (P<0.01, 48 h; P<0.05, 72 h) (Fig. 1A) . We found that IL-13 promoted the migration of A549 cells, and the optimal concentration of IL-13 at 40 ng/ml was used and it exhibited the strongest ability to induce cell migration, while the concentration of IL-13 at 80 ng/m only showed a slight increase in cell migration (Fig. 1B and C) . These results indicated that IL-13 promoted proliferation and migration of A549 cells in a concentration-and time-dependent manner.
IL-13 activates the PI3K/AKT/YY1 pathway in A549 cells.
To investigate the mechanism underlying the induction of cell proliferation and migration by IL-13 in A549 cells, we examined the regulation of the PI3K/AKT pathway and the transcription factor YY1 by IL-13. The PI3K inhibitor LY294002 was used to block the PI3K/AKT pathway and to examine the YY1 expression level in this pathway. Our data determined that IL-13 stimulation of all concentrations (with 40 ng/ml the strongest) promoted YY1 expression at the mRNA level compared with the control group (P<0.01) (Fig. 2A) . We further examined the protein expression level of YY1 by western blot analysis, and it showed that YY1 and pAKT protein levels were increased after IL-13 stimulation compared with the control group. Consistently, the protein expression levels of YY1 and pAKT indicated highest induction following treatment with IL-13 at 40 ng/ml in the A549 cells (P<0.05) (Fig. 2B and C) . The mRNA level of YY1 showed highest induction after being treated with 40 ng/ml IL-13 stimulation for 12 h (Fig. 2D and E) . This showed that IL-13 can upregulate YY1 expression level in A549 cells and this induction was correlated with the concentration of IL-13 and time period. The increased level of AKT phosphorylation in A549 cells treated with IL-13 demonstrated activation of the PI3K/AKT pathway triggered by IL-13 ( Fig. 2E and F) . To determine whether YY1 expression level was regulated by the PI3K/AKT pathway, we used 40 µM LY294002 in addition to IL-13 (40 ng/ml) to stimulate the A549 cells in the experimental group. Following inhibition of the PI3K/AKT pathway, we did not observe the induction of YY1 at both the mRNA and protein level after IL-13 treatment in the lung cancer cells. This indicated that upregulation of YY1 by IL-13 was mediated by activation of the PI3K/AKT pathway (Fig. 2G-I ).
IL-13 promotes the proliferation and migration of A549 cells through the PI3K/AKT/YY1 pathway.
To determine whether IL-13-induces cell proliferation and migration in lung cancer depends on activation of the PI3K/AKT signaling pathway, we co-treated A549 cells with LY294002 (40 µM) and IL-13 (40 ng/ml) for 24-72 h. Our results showed that treatment with IL-13 induced cell proliferation, but blocking the PI3K/AKT pathway by LY294002 inhibited cell growth in the A549 cells (P<0.01) (Fig. 3A) . IL-13 stimulation activated PI3K/AKT signaling in the A549 cells and significantly promoted cell migration as determined by a wound-healing assay ( Fig. 3B and C) . We further assessed the cell migration effects induced by IL-13 by blocking the PI3K/AKT pathway using LY294002. We observed a reduced cell covered area in the LY294002 group, which suggested that inhibition of the PI3K/AKT pathway weakened the migratory ability in original A549 cells comparing to the control group. Deactivating the PI3K/AKT pathway impaired cell migration induced by IL-13 in the A549 cells (P<0.01) (Fig. 3B and C) , which indicated that IL-13 induced cell proliferation and migration mainly by activating the PI3K/AKT signaling pathway. 
miR-29a inhibits proliferation and migration of A549 cells.
Previous reports have shown that miR-29a is involved in cell growth in other types of cancer. To test whether miR-29a exhibits an inhibitory function in lung cancer induced by IL-13, we overexpressed miR-29a expression in vitro by transfecting A549 cells with the miR-29a sequence. By MTT assay, we showed that cell proliferation in the A549-miR-29a group was inhibited with the most extensive inhibitory effects at 48 and 72 h (P<0.05 and P<0.01 respectively) (Fig. 4A) . Overexpression of miR-29a promoted cell apoptosis and inhibited cell invasion in the A549 cells ( Fig. 4B-E) . To examine the molecular mechanism of miR-29a in lung cancer induced by IL-13, we measured the expression level of YY1 in the miR-29a-overexpressing A549 cells. Our results showed that a decline in YY1 expression was observed at both mRNA and protein level under miR-29a treatment (Fig. 5A-C) . In contrast, transfection with the miR-29a inhibitor upregulated the expression level of YY1 (Fig. 5A-C) . We found that YY1 expression was negatively correlated with miR-29a. Furthermore, we measured the expression levels of N-cadherin (a biomarker for invasive cells), and our results showed that N-cadherin was significantly downregulated in the miR-29a-overexpression group, compared to the control ( Fig. 5D and E) , which validated the inhibitory role of miR-29a in cell invasion in lung cancer.
miR-29a inhibits IL-13-induced cell invasion by targeting YY1.
Since YY1 expression level was correlated with IL-13 and miR-29a, we determine whether miR-29a affects the role of IL-13 in lung cancer A549 cells. Overexpression of miR-29a in the IL-13-treated group significantly downregulated cell proliferation and invasion in A549 cells, as compared to the control group treated with IL-13 ( Fig. 6A-C) . We measured the related YY1 expression levels in the groups, and we found that overexpression of miR-29a significantly reduced YY1 expression (P<0.01) (Fig. 6D-F) . This showed that under stimulation of IL-13, miR-29a overexpression repressed YY1 expression and inhibited the malignant behaviors of A549 cells mediated by IL-13.
Discussion
The phosphoinositide 3-kinase/serine-threonine kinase (PI3K/AKT) signaling pathway plays a pivotal role in tumorigenesis due to its regulation of cellular functions, including proliferation, differentiation and metastasis of cancer cells (18, 19) . Excessive activation of the PI3K/AKT pathway in normal cells could trigger their transformation into cancer cells, and the expression levels of PI3K and AKT are increased in NSCLC (20) . Previous studies have shown that IL-13 activates the PI3K/AKT signaling pathway in porcine endothelial cells and human dermal fibroblasts (10, 11) , but how IL-13 regulates lung cancer cells remains largely unknown. Our results showed that within a certain range, rising concentrations of IL-13 (from 0 to 40 ng/ml) and increasing periods of timeC (from 0 to 12 h) were associated with the gradually increased amount of pAKT in A549 cells, indicating that IL-13 is one of the simulative factors of the PI3K/AKT pathway in human lung cancer. Furthermore, we demonstrated that IL-13 increased cell proliferation and migration abilities in lung cancer cells by activating the PI3K/AKT pathway. Our findings are consistent with a previous study which showed that IL-13Rα2 is able to activate the Scr/PI3K/AKT/mTOR pathway (21) .
YY1 is one of the direct downstream effectors of AKT (22) (23) (24) . Silencing of AKT can decrease the YY1 protein level to approximately 50% (12) . Consistently, we showed that treatment of A549 cells with LY294002 decreased the pAKT level subsequently decreasing the YY1 level at both the mRNA and protein levels. The identification of the IL-13/PI3K/AKT/YY1 signaling transduction pattern was reported previously in lung fibroblasts (13) , but it has not been confirmed in lung cancer cells. By using lung cancer cell line A549, we showed that IL-13 stimulation was positively correlated with the levels of pAKT and YY1 in a time-and concentration-dependent manner, indicating the importance of the IL-13/PI3K/AKT/YY1 pathway in lung tumorigenesis. Compared with the blank group, proliferation of A549 cells decreased obviously when treated with LY294002. AKT controls cell proliferation by directly phosphorylating the glycogen synthase kinase-3β (GSK3β) (25) and negatively influences expression of CKIs to accumulate CDK complexes (26) . We further showed that the increased migration of A549 cells treated with IL-13 and promotion of the processes of epithelial-mesenchymal transition (EMT) and inhibition the PI3K/AKT pathway by LY294002 could attenuate the EMT process. Recently, EMT has been reported to play a key role in the migration of cancer cells. Others have reported that AKT forms a positive loop with TWIST in EMT-induced events, and AKT inhibition causes downregulation of Snail and upregulation of E-cadherin (27) . Recently, miRNAs have been shown to play important roles in every step of cancer progression. In our results, transfection with miR-29a inhibited the proliferation of A549 cells and enhanced their apoptosis by mediating expression of YY1 in cell cycle regulation. Activation of cyclin D1 was found to coincide with the release of YY1 transcriptional repressor complex in estrogen-responsive human breast cancer (28) . Previous groups have shown that YY1 is inhibited by p53 (29) . YY1 activates both endogenous and exogenous c-Myc promoter when overexpressed, thus inhibiting the function of p21 (30, 31) . YY1 was found to activate transcription of the NF-κB subunits, Rel-A and Rel-B, and also compete with NF-κB for binding the cytokine response unit within the serum amyloid A gene promoter (32) (33) (34) . YY1 has been shown to repress expression of Fas and DR5, increasing resistance to apoptosis (35, 36) . In the present study, we demonstrated that invasion of lung cancer was positively related with YY1 expression. Previous reports have demonstrated that YY1 binds to the matrix metalloproteinases-2 (MMP-2) promoter to promote its expression, causing the remodeling of the extracellular matrix (ECM) (37, 38) . We showed that the reduction in N-cadherin after transfecting miR-29a implied that EMT may participate in the YY1-regulated tumor cell biological behavior. miR-29a is predicted to have a complementary site in YY1 3'UTR (position 774-780 of YY1 3'UTR: 5'-UGG UGC UC; hsa-miR-29a-3p: 3'-ACC ACG AG). We indicated that miR-29a repressed YY1 expression at both the mRNA and protein levels, leading to inhibition of cell proliferation and invasion of A549 cells. In Fig. 4 , we did not observe any significant differences between miR-29a inhibitor-transfected and NC group based on our data. It may be due to the fact that the endogenous level of miR-29a in A549 cells was very low, and it did not show any difference when we further knocked down its level. But instead, it showed significant effects when we overexpressed it in cells. miR-29a plays an inhibitory role in EMT, in particular it inhibits transition from epithelial to mesenchymal form of cells. N-cadherin is the chosen marker for mesenchymal cells and suppression of N-cadherin confirms our hypothesis that miR-29a acts as a tumor suppressor miRNA to inhibit cell invasion. While E-cadherin is a marker for epithelial cells, a further study of EMT may utilize both N-cadherin and E-cadherin expression levels to monitor the process of EMT.
Previously, miR-29a has been shown to inhibit tumorigenicity in NSCLC by downregulating DNA methyltransferase (DNMT)3A and 3B, which silence tumor suppressor genes such as FHIT and WWOX (39) . Overexpression of miR-29a was found to reduce the proliferation, migration, and invasion of NSCLC cells, which could be partially attributed to LASP-1 (a cAMP and cGMP dependent signaling protein) inhibition (40) . In the present study, we further examined the role of miR-29a in IL-13-induced lung cancer progression, and we showed that miR-29a inhibited lung cancer progression by targeting YY1 in the PI3K/AKT pathway. We hypothesized that miR-29a plays an important role in regulating lung cancer tumorigenicity through repression of signaling protein LASP-1, transcription factor YY1, and epigenetic factors DNMT3A and 3B. In our data, we significantly showed that miR-29a transfection greatly weakened IL-13-induced lung cancer progression and led to YY1 repression, causing lower proliferation and weaker invasive ability in A549 cells. These results indicated that miR-29a could act as a promising therapeutic target for NSCLC. We may use miR-29a to antagonize the effects induced by IL-13 on tumor cell behavior and inhibit expression of YY1 in lung cancer. A previous study showed that miR-29a regulated expression of YY1, but this was shown in lung fibroblasts (16) . In the present study, we further demonstrated the role of miR-29a in lung cancer cells instead of lung fibroblasts, which provides new evidence that miR-29a is involved in IL-13-induced cell invasion in lung cancer. In this study, we elucidated the role of miR-29a in the IL-13/PI3K/AKT/YY1 signaling pathway in lung cancer that represents a novel finding. We further examined the activation of the PI3K/AKT pathway in lung cancer A549 cells, and measured the phosphorylation of AKT following IL-13 stimulation. In addition, we investigated whether blocking the PI3K/AKT pathway would affect the effects of YY1 mediated by miR-29a and IL-13. However, our studies were limited to in vitro experiments, which cannot entirely represent these mechanisms at the individual level. Further research on miR-29a in a corresponding animal model may provide more evidence for clinical molecular-targeted treatment of lung cancer.
In summary, we identified the activation of the PI3K/AKT/YY1 signaling pathway in IL-13-induced lung cancer progression. By overexpression miR-29a, we blocked IL-13-induced YY1 to inhibit its tumor-promoting functions in A549 cells. Further research on miR-29a including in vitro and animal model studies may provide more evidence for clinical molecular-targeted treatment of lung cancer.
